Introduction
The AMP-activated protein kinase (AMPK) family of Ser/Thr kinases comprises 14 members, including the subfamily of salt-inducible kinases (SIKs), which are primarily activated by the master kinase LKB1 (STK11) [1, 2] . The three SIK members (SIK1-3) recognize substrates containing a common LXBS/ TXSXXXL motif (underlined = phosphorylated residue, B = basic amino acid, and X = any residue), thereby regulating metabolism, cellular growth/survival, inflammation, and sleep [2] [3] [4] [5] [6] [7] [8] . In keeping with the proposed role of LKB1 as the AMPK family master kinase, SIK activity is abolished in cell lines and mice with a knockout of LKB1 [1, 9] .
Perhaps the best understood substrates of SIK1-3 are the cAMP-regulated transcriptional coactivators (CRTCs; CRTC1-3) and class IIA histone deacetylases (HDACs; HDAC4, 5, 7, 9) [3, 7] . Class IIA HDACs repress myogenesis and osteogenesis following their recruitment to target genes such as myocyte enhancer factors 2 (MEF2) and sclerostin (SOST) [3, 8] . CRTCs stimulate cAMP-responsive target genes by interacting with members of the cAMP response element-binding protein (CREB) transcription factors (ATF1, CREB, and CREM) [10] . SIKs phosphorylate multiple sites inside both CRTCs and class IIA HDACs, which serve as phosphorylation-dependent 14-3-3-binding sites that sequester both protein families inside the cytoplasm [7, [11] [12] [13] [14] [15] [16] . In this way, SIKs and 14-3-3s control the nuclear to cytoplasmic shuttling and hence transcriptional activity of CRTCs and HDACs.
14-3-3 proteins are conserved regulatory molecules that exist predominantly as dimers [17] [18] [19] . Generally, 14-3-3s associate with phosphorylated ligands containing either mode I (RSXSXP) or mode II (RXXXSXP; underlined = phosphorylated residue, and X = any residue) consensus recognition motifs [20, 21] . In keeping with the dimeric form of 14-3-3 proteins, synthetic ligands that incorporate two 14-3-3 consensus motifs show substantially higher 14-3-3 binding affinity (~30-fold) than ligands with only one motif [22] . Many proteins contain a primary high-affinity or 'gatekeeper' site and secondary low-affinity sites [21, 23] . These dimeric 14-3-3 interactions are thought to induce large conformational changes within the target protein that can affect subcellular localization or catalytic activity [17, 21, 24] .
The second messenger cAMP stimulates cellular gene expression via the activation of protein kinase A (PKA), which in turn phosphorylates CREB as well as the SIKs [10, 25] . CREB phosphorylation induces its transcriptional activity by promoting an association with the histone acetyltransferases CREB-binding protein (CBP) and P300 [26] . In contrast, PKA-mediated phosphorylation of the SIKs disrupts their catalytic activity by an unknown mechanism [10] . Although nonphosphorylatable PKA site mutants of SIK1 to SIK3 are insensitive to cAMP/PKA signaling in cellbased assays, PKA does not appear to block SIK1 or SIK2 activity in vitro [3, [27] [28] [29] [30] [31] . Based on previous studies documenting the interaction of SIKs with 14-3-3 proteins, we systematically investigated the 14-3-3 binding patterns of each SIK family member [27, 28, 32, 33] . We found that 14-3-3 proteins bind to all three SIKs in a PKA-dependent manner, leading to the inhibition of SIK1-3 activity both in vivo and in vitro. Our results point to a conserved molecular mechanism by which cAMP modulates cellular gene expression across vertebrates.
Results

SIK activity is inhibited by cAMP signaling
cAMP inhibits the SIK family by PKA-mediated phosphorylation, leading to the dephosphorylation, liberation from 14-3-3 proteins, and nuclear translocation of CRTCs (Fig. 1A) . In studies of HEK293T cells, overexpression of SIK1-3 enhanced the phosphorylation of CRTC2/3 at two conserved SIK phosphorylation sites (S171 and S275 of CRTC2) that mediate cooperative binding of CRTCs to 14-3-3 proteins (Fig. 1B) [14] . Consistent with the inhibitory effect of cAMP/PKA on SIK activity, short-term exposure to the adenylyl cyclase activator Forskolin (Fsk) triggered the dephosphorylation of CRTC2/3, in control and SIK1-3 overexpressing HEK293T cells. In keeping with its short half-life, protein amounts of overexpressed SIK1 were decreased in comparison to SIK2 and SIK3 [34] .
We employed a transient CRE-based reporter assay to monitor the inhibition of CRTC transcriptional activity by SIKs (Fig. 1C,D) . This assay measures cAMP-dependent transcription, by expressing the luciferase gene under the control of a promoter containing CREB-binding sites, referred to as cAMP response elements (CREs) [35] . Overexpression of CRTCs alone augmented CRE reporter activity constitutively, while coexpression of SIK1-3 effectively suppressed the CRE reporter (CRTC1 =~25% and CRTC2/3 =~5% CRE reporter activity; Fig. 1C ). In contrast with the inhibitory effects of wild-type SIK2, catalytically inactive SIK2 T175A mutant (Ala substitution at the critical LKB1 phosphorylation site) had less pronounced effects on CRTC activity (CRTC2 & SIK2 =~5% and CRTC2 & SIK2 T175A =~45% CRE reporter activity; Fig. 1C ). Consistent with its ability to inactivate SIKs, exposure to Fsk stimulated the activities of CRTC2 and CRTC3 (CRTC1 & SIK1-3 =~2-fold and CRTC2/3 & SIK1-3 = 10-30-fold change upon Fsk treatment; Fig. 1D ). Despite its lower accumulation in transfected cells, SIK1 repressed CRTC activity to the same extent as SIK2 and SIK3 under basal conditions and in response to Fsk stimulation.
We performed immunohistochemical studies to evaluate effects of SIKs on the subcellular localization of the CRTCs (Fig. 1E,F) . Under basal conditions, overexpressed CRTC2 displayed a nuclear or cytoplasmic/nuclear codistribution in HEK293T cells coexpressing the catalytically inactive T175A SIK2 mutant. In contrast, overexpressed wild-type SIK2 promoted CRTC2 accumulation almost exclusively in the cytoplasm. Fsk treatment inhibited the activity of coexpressed SIK2 and induced CRTC2 nuclear localization (Fig. 1E,F) . Collectively, these results indicate that each of the SIKs regulates the subcellular localization and transcriptional activity of the CRTC family in a cAMP-sensitive manner.
cAMP sensitivity of SIK3 and SIK1 depends upon two PKA sites that mediate 14-3-3 protein interaction Although all three SIKs have been found to associate with 14-3-3 proteins, a potential role for cAMP/PKA in modulating this interaction has only been suggested for SIK2 and SIK3 [27, 28, 32, 33] . In addition, only SIK3's activity appears to be repressed by 14-3-3s in vitro [27] . Because PKA-mediated phosphorylation has been shown to interfere with the intracellular activity of SIKs, we systematically evaluated whether PKA regulates the activity of all three SIKs by controlling their association with 14-3-3s [10] . Salt-inducible kinase 3 is thought to contain three PKA phosphorylation sites that participate in 14-3-3 protein binding ( Fig. 2A) [27] . However, only two PKA sites (T411 and S493) are conserved among vertebrates and invertebrates (Fig. 2B) . Wild-type (WT) and mutant SIK3 proteins carrying nonphosphorylatable (Ser/Ala) or phosphorylation mimic (Ser/Glu) substitutions repressed CRE reporter activity comparably under basal conditions (Fig. 2C) . Fsk stimulated CRE reporter activity in cells expressing WT SIK3, but mutant SIK3 proteins containing Ala or Glu mutations at T411 and more potently at S493, blocked the stimulatory effects of Fsk (T411A/E =~20-40% and S493A/E =~13% CRE reporter activity upon Fsk treatment; Fig. 2C,D) . In contrast, mutations in the nonconserved S568 site had no effect on CRE reporter activity in cells exposed to Fsk (SIK3 WT =~90% and S568A/E =~75-90% CRE reporter activity upon Fsk treatment). In keeping with these effects, cells expressing T411 and S493 phosphorylation-defective SIK3 proteins phosphorylated CRTC2/3 constitutively and were therefore resistant to inhibition by Fsk (Fig. 2E) . To evaluate effects of PKA on the interaction of SIK3 with 14-3-3 proteins, we performed Co-IP experiments after Fsk exposure (Fig. 2F) . Mutations at T411 and S493 of SIK3 abolished 14-3-3 binding, while S568A had no effect. These results support the notion that PKA-mediated phosphorylation of SIK3 at T411 and S493 interferes with SIK3 catalytic activity by stimulating 14-3-3 protein binding.
Similar to SIK3, the predominantly nuclear SIK1 also contains two conserved PKA sites (Fig. 3A ) [31, 34, 36] . Exposure to Fsk reversed the inhibitory effects of overexpressed SIK1 WT in the CRE reporter assay, but these effects were abrogated in cells expressing nonphosphorylatable PKA site mutations at T473 and S575 (Fig. 3B,C ). Mutations at S575 in SIK1 were as potent in blocking stimulatory effects of Fsk as the PKA site double mutant (T473A/E =~40% and S575A/E or T473A S575A =~25% CRE reporter activity upon Fsk treatment). Indeed, the single S575A/E site mutants were as active as the T473A S575A double mutant in phosphorylating CRTC2/3 even in cells exposed to Fsk (Fig. 3D ). Nuclear SIK1 has been found to shuttle to the cytoplasm following its phosphorylation by PKA, a process that is blocked by mutation of S575 [31, 36] . In keeping with these results, epitope-tagged WT and S575A SIK1 proteins were both detected in the nucleus under basal conditions, and Fsk treatment promoted the cytoplasmic translocation of WT, but not S575A SIK1 (Fig. 3E,F) . Similar to SIK3, 14-3-3 protein binding of SIK1 was dependent upon PKA site phosphorylation; Ala or Glu substitution at T473 and to a larger extent at S575, impaired the 14-3-3 association (Fig. 3G ). These results indicate that S575 serves as the primary or 'gatekeeper' 14-3-3-binding site in SIK1, modulating its activity as well as nucleocytoplasmic localization.
Collectively, the two PKA phosphorylation sites in SIK1 and SIK3 function as 14-3-3-binding sites, which mediate inhibitory effects of cAMP on their catalytic activity. Both kinases contain a dominant and a secondary 14-3-3-binding site that together presumably favor binding to dimeric 14-3-3 proteins.
Four PKA sites in SIK2 regulate catalytic activity and enable cooperative 14-3-3 protein binding
In contrast with the two sites in both SIK1 and SIK3, four PKA phosphorylation sites were identified in SIK2 that potentially affect 14-3-3 association (Fig. 4A) [7, 28, 29, 37] . Similar to studies with SIK1, Ser/Ala mutants at each PKA phospho-acceptor site blocked Fsk-induced CRE reporter activation in comparison to SIK2 WT (SIK2 WT =~80% and PKA site mutants =~6-35% CRE reporter activity upon Fsk treatment; Fig. 4B,C) . Although conserved, the PKA site S587 (equivalent to S575 in SIK1) had the most pronounced effect on SIK2 activity as a single mutant, PKA site double mutants were more active than their corresponding single mutants (S358A T484A =~6% and S358A S587A =~4% CRE reporter activity upon Fsk treatment). Mutations at each of four individual PKA sites reduced the association of SIK2 with 14-3-3 proteins in Fsk-stimulated cells (Fig. 4D) . Correspondingly, PKA site mutants were more active in phosphorylating CRTC2/3 relative to SIK2 WT, with S587A being most potent. Similar to their effects in reporter assays, SIK2 mutants with Ala substitutions at two PKA sites (S358A S587A) exhibited lower 14-3-3 binding and enhanced kinase activity toward CRTC2/3 relative to the respective single-site mutants. Different PKA site double mutants in SIK2 have distinct effects on activity, although the S358A S587A mutant was the most active in phosphorylating CRTC2/3 (Fig. 4E) . Nevertheless, all SIK2 double-site mutants, including S358A S587A, were inhibited by Fsk, as revealed by the dephosphorylation of CRTC2/3 under these conditions. In contrast with double mutants, a triple PKA site mutant in SIK2 was fully resistant to cAMP inhibition (3A = S358A T484A S587A; Fig. 4F ). The PKA site double mutants of SIK2 also differed in their interaction with 14-3-3s as well as with coexpressed CRTC3, with S358A S587A having lowest affinity for 14-3-3s and highest affinity for CRTC3 (Fig. 4G,H) . Taken together, these results indicate that all four PKA-phosphorylation sites in SIK2 participate in catalytically inhibitory interactions with 14-3-3 proteins, although S587 exerts a dominant effect in this setting. Furthermore, the association of 14-3-3s with SIK2 appears to interfere with substrate binding.
The RK-region (595-624) is required for inhibition of SIK2 activity by 14-3-3 binding
The S575/S587 'gatekeeper' site is highly conserved between SIK1 and SIK2 with sequence homology expanding C-terminally into an RK-rich region consisting of interspersed basic and hydrophobic residues (hSIK1 = 583-612 with 99 Arg/Lys & 59 Leu; hSIK2 = 595-624 with 49 Arg/Lys & 69 Leu) (Fig. 5A) [31, 38] . The RK-rich region in SIK1 has been linked to cAMP responsiveness, because a SIK1 deletion mutant lacking these residues repressed CRE activity as effectively as a nonphosphorylatable proximal 'gatekeeper' site (S575A) mutant [31] . To test the importance of SIK2's RK-rich region for cAMP sensitivity and 14-3-3 binding, we generated a RK-rich region deletion (SIK2 ΔRK) as well as a SIK2 and SIK1 hybrid (SIK2-1), containing the RK-rich region and C terminus of SIK1 (SIK2 C-terminally truncated after its last 14-3-3 site (S587); Fig. 5B ). Protein amounts of overexpressed SIK2-1 were comparable to SIK1 and both kinases catalyzed the phosphorylation of CRTC2/3 and class IIA HDAC to the same extent (Fig. 5C ). Exposure to Fsk strongly inhibited SIK2
WT and SIK2-1 activities, but Fsk effects on SIK2 ΔRK activity were relatively impaired even though the proximal PKA site at S587 is efficiently phosphorylated in this mutant. Moreover, exposure to Fsk still induced the association of SIK2 ΔRK with 14-3-3s, comparably to wild-type SIK3 and SIK2 as well as SIK2-1 (Fig. 5D) . Indeed, SIK2 ΔRK repressed CRE reporter activity more avidly than SIK2 WT following Fsk stimulation (SIK2 WT =~60% and SIK2 ΔRK =~25% CRE reporter activity upon Fsk treatment; Fig. 5E,F) . In addition to its role in promoting cAMP sensitivity, the RK-rich region has also been shown to regulate nuclear localization of SIK1 [31] . Accordingly, the SIK2-1 hybrid containing the RKrich region from SIK1 was nuclear localized and shuttled to the cytoplasm in response to Fsk (Fig. 5G) . Nevertheless, exposure to Fsk inhibited the activity of SIK2-1, which carries all four PKA/14-3-3 sites of SIK2, comparably to SIK2 in CRE reporter assays (Fig. 5H) . These results suggest that the conserved RK-rich region is required for nuclear localization of SIK1, and for cAMP responsiveness of both SIK1 and SIK2.
In vitro SIK2 activity is modulated by 14-3-3 association and the presence of the RK-rich region
In previous studies, mutation of PKA sites in SIK2 did not appear to modulate its catalytic activity in vitro [28, 29] . Knowing the importance of 14-3-3 interactions in this setting, we purified FLAG-tagged versions of SIK2 WT, SIK2 ΔRK, and SIK2 AA (S358A S587A) from HEK293T cells that had been exposed to Fsk (Fig. 6A) . As expected, large quantities of 14-3-3 proteins were recovered from FLAG IPs of SIK2 WT and SIK2 ΔRK, but amounts decreased for the nonphosphorylatable SIK2 AA mutant. To mimic an endogenous SIK2 substrate, we heterologously expressed and purified a CRTC2 fragment containing both regulatory SIK2 phosphorylation sites (S171 and S275, mCRTC2 147-297). Although WT and mutant SIK2 proteins were comparably phosphorylated by LKB1 at T175 within the activation loop, SIK2 ΔRK and, to a greater extent, SIK2 AA were more active than wild-type SIK2 in phosphorylating the CRTC2 fragment in vitro (Fig. 6B-D) . Collectively, these results demonstrate that the PKA-dependent interaction of SIK2 with 14-3-3s is indeed critical for catalytic inhibition both intracellularly and by in vitro studies with the purified kinase.
Discussion
Salt-inducible kinases regulate CRTCs and class IIA HDACs by phosphorylating these proteins at sites that enhance 14-3-3 protein binding and cytoplasmic sequestration (Fig. 7A) . We found that cAMP signaling inhibits the catalytic activity of all three SIK family members through PKA-induced 14-3-3 associations. As a result, CRTCs and HDACs undergo The SIK2 kinase assay was performed using 0.05 lM SIK2 and 1 lM CRTC2 at 30°C (see Material and methods for details). Samples were taken at indicated time points, the reaction stopped by boiling in SDS sample buffer, and analyzed by western blot. In the depicted sample SIK2 WT and SIK2 DRK were analyzed on the same western blot. In all experiments identical P-CRTC3 S273 antiserum dilution as well as exposure times were used. (C) Graph plotting the densitometric analysis of the P-CRTC3 S273 antiserum intensity of two independent reactions. (n = 2, AESD). dephosphorylation and are liberated from 14-3-3s, allowing them to translocate to the nucleus. This molecular mechanism explains the responsiveness of CRTCs and class IIA HDACs to hormone-dependent changes in intracellular cAMP [10, 39] .
Salt-inducible kinases contain multiple PKA/14-3-3 sites, which resemble the mode I consensus motif (RSXSXP; underlined = phosphorylated residue, and X = any residue) (Fig. 7B) [20] . With the exception of S343 in SIK2 (KSHRSS 343 FPVEQ) all 14-3-3 sites in SIK family members have the consensus arginine at À3. SIK1 and SIK3 contain two PKA/14-3-3 sites and mutation of individual phospho-acceptor sites abolished 14-3-3 association and rendered kinase activity insensitive to cAMP. In contrast, SIK2 has four PKA phosphorylation sites, which exhibit cooperativity in binding to 14-3-3s. Since 14-3-3 proteins bind to ligands as dimers, they could associate with SIK2 in multiple ways [21, 22] . Consistent with this notion, PKA/14-3-3 site double mutants remain cAMP sensitive, but mutation of three PKA sites renders SIK2 fully resistant to cAMP [29] .
In general, PKA site mutants have no effect on LKB1-mediated phosphorylation of the SIK activation loop, arguing against an effect of PKA-mediated phosphorylation or 14-3-3s on intrinsic catalytic activity of these kinases [1, 28, 29] . Our results rather favor an indirect mechanism by which binding of 14-3-3 dimers causes conformational changes that inhibit SIK catalytic activity. Such structural alterations have been reported for other 14-3-3 ligands including nitrate reductase (NR), RAF proto-oncogene serine/threonine-protein kinase (RAF1), and M-phase inducer phosphatase 2 (CDC25B) [23, 40, 41] . In case of CDC25B, repression of phosphatase activity is thought to be dependent upon 14-3-3 dimers that form an intramolecular bridge between weak 14-3-3 sites inside the N terminus (S151 or S230) together with the dominant S323 site, blocking cyclin/CDK substrate access as well as impairing access to the nucleus [23, 42] . The PKA/14-3-3 sites of the three SIKs are located distal to the N-terminal kinase domain, indicating that dimeric 14-3-3 association might cause a conformational rearrangement within the SIKs that physically excludes CRTC and HDAC binding. Consistent with this model, double PKA/14-3-3 mutants of SIK2 exhibit increased CRTC3 substrate association.
Binding of 14-3-3s to serotonin N-acetyltransferase (AANAT), which is also PKA dependent, revealed extensive molecular interactions outside of the AANAT 14-3-3-binding site [24, 43] . Similarly, the RKrich region (595-624) of SIK2 may participate in the PKA/14-3-3-dependent conformational rearrangement, because its deletion uncouples 14-3-3 binding from the subsequent impairment in SIK2 activity. Full cAMP/ PKA sensitivity was restored with a hybrid protein carrying the RK-rich region and C terminus of SIK1, similar to previously described SIK1/SIK2 chimeras with interchanged RK-rich regions (~30 residues) [31] . These results suggest that the RK-rich region fulfills a Fig. 7 . Regulation of SIK activity by PKA-induced 14-3-3 binding. (A) Scheme depicting the cAMP-regulated interplay of the SIK family with their canonical substrates CRTCs and class IIA histone deacetylases (HDACs). Without stimulation, SIK-mediated phosphorylation sequesters CRTCs/HDACs in the cytoplasm by inducing 14-3-3 interactions (in blue). Upon cAMP stimulation, PKA-mediated phosphorylation inactivates the SIKs following 14-3-3 dimer association (in red; AC = adenylyl cyclase). In consequence, CRTCs/HDACs are dephosphorylated, lose 14-3-3s, and translocate to the nucleus. (B) Schematic representation highlighting all functional 14-3-3 sites within the SIK family in black (two for SIK1/3 and four for SIK2) and the predominant sites in green (ΔCˊ= SIK3's extended C terminus is not depicted). Although single phospho-acceptor mutants abolished cAMP sensitivity inside SIK1 and SIK3, additive effects between PKA/14-3-3 sites were observed for SIK2. Upon cAMP/PKA stimulation the conserved RK-rich region of SIK1/SIK2 is also required to convert 14-3-3 protein binding into catalytic inactivation.
conserved role for PKA/14-3-3-mediated inhibition between SIK1 and SIK2.
In addition to the SIKs, the MAP/microtubule affinity-regulating kinases (MARKs) subfamily of AMPK related Ser/Thr kinases has also been shown to interact with 14-3-3 proteins [32, 44] . Although MARKs have been primarily linked to the regulation of cell polarity, they can also phosphorylate CRTCs and class IIA HDACs [13, 14, 45, 46] . However, the association of 14-3-3s with MARKs is insensitive to cAMP and at least partially regulated by atypical PKC [14, 44, 47] . In contrast to the SIKs, the association of 14-3-3s with MARKs apparently modulates their plasma membrane localization but not their catalytic activity [44] . Future in vitro studies with purified recombinant proteins should provide insight into the mechanisms by which 14-3-3s modulate SIK and MARK activities.
Material and methods
Sections of the methods were previously described and are reprinted here, partly verbatim, for reference [14] .
Small molecules
Small molecules were solubilized in DMSO (ACS; SigmaAldrich, St. Louis, MO, USA) at the indicated concentrations and stored until usage at À80°C (long term storage) or À20°C (working dilution): 20 mM Fsk (Sigma-Aldrich) and 2 mM Carfilzomib (PR-171) (Selleck Chemicals, Houston, TX, USA).
Antibodies
The antibodies used in this study were purchased from Santa Cruz Biotechnology (14-3-3 e polyclonal, Dallas, TX, USA), EMD Millipore (a-tubulin, Burlington, MA, USA), SigmaAldrich (FLAG M2), Covance (GFP, Princeton, NJ, USA), Roche (Anti-HA-Peroxidase, Basel, Switzerland), Qiagen (Penta-His, Hilden, Germany), MRC Protein Phosphorylation and Ubiquitylation Unit (P-SIK2 T175), and Cell Signaling Technology (14-3-3 [pan], P-CREB S133, P-CRTC2 S171, HA [C29F4], P-HDAC4(5/7) S246, P-HDAC4(5/7) S632, P-PKA substrate, P-VASP S157, SIK2, Danvers, MA, USA). The P-CRTC3 S273 antiserum was previously described [14] .
See Antiserum production for the P-SIK1 S575 antiserum (PBL #7404).
Antiserum production
All animal procedures were approved by the Institutional Animal Care and Use Committee of the Salk Institute and were conducted in accordance with the PHS Policy on Humane Care and Use of Laboratory Animals (PHS Policy, 2015), the U.S. Government Principles for Utilization and Care of Vertebrate Animals Used in Testing, Research and Training, the NRC Guide for Care and Use of Laboratory Animals (8th edition) and the USDA Animal Welfare Act and Regulations. Three 10-12-week-old, female New Zealand white rabbits, weighing 3.0-3.2 kg at beginning of the study, were procured from Irish Farms (I.F.P.S. Inc., Norco, CA, USA). All animals were housed in an AAALAC-accredited facility in a climate-controlled environment (65-72 degrees Fahrenheit, 30-70% humidity) under 12-h light/12-h dark cycles. Rabbits were provided with ad libitum feed (5326 Lab Diet High Fiber), microfiltered water and weekly fruits, vegetables, and alfalfa hay for enrichment. Upon arrival, animals were physically examined by veterinary staff for good health and acclimated for 2 weeks prior to initiation of antiserum production. Each animal was monitored daily by the veterinary staff for signs of complications and weighed every 2 weeks. Routine physical exams were also performed by the veterinarian quarterly on all rabbits.
Three rabbits were injected with a peptide fragment encoding pSer 575 Cys 589 human SIK1(566-589)-NH 2 coupled to keyhole limpet hemocyanin via maleimide. The peptide, VSFQEGRRA(pS)DTSLTQGLKAFRQC-NH 2 , was synthesized and purified by RS Synthesis. The antigen was delivered to host animals using multiple intradermal injections of peptide-KLH conjugate in Complete Freund's Adjuvant (initial inoculation) or incomplete Freund's adjuvant (booster inoculations) every 3 weeks. Rabbits were bled, < 10% total blood volume, 1 week following booster injections and bleeds screened for titer and specificity. Animals were administered 1-2 mgÁkg À1 Acepromazine IM prior to injections of antigen or blood withdrawal. At the termination of study, animals were exsanguinated under anesthesia (ketamine 50 mgÁkg À1 and aceprozamine 1 mgÁkg À1 , IM) and euthanized with an overdose of pentobarbital sodium and phenytoin sodium (1 mL per 4.5 kg of body weight IC to effect). After blood was collected death was confirmed. All animal procedures were conducted by experienced veterinary technicians, under the supervision of Salk Institute veterinarians. The phospho-SIK1 S575 antiserum obtained from the rabbit (code PBL #7404) with the best characteristics of titer and specificity was used for all experiments. To ensure that the same batch of serum could be used for this and future studies, a large volume of serum (18 mL) from two bleeds with similar profiles was depleted of antibodies recognizing the nonphosphorylated form of SIK1 by passing over a column containing Cys 589 hSIK1(566-589)-NH 2 -agarose resin. Covalent attachment of the peptide to resin (Sulfolink coupling resin; Thermo Fisher, Waltham, MA, USA) was per manufacturer's instructions.
Plasmids
For overexpression studies, plasmids were used that contained the Homo sapiens Ubiquitin C promoter (pUbC), whose activity is unaffected by cAMP signaling. The plasmids-pUbC-3xFLAG-TEVsite-His 6 -MCS-IRESeGFP and pUbC-3xHA-MCS-have been described previously (MCS = multiple cloning site) [14] . The cDNAs (h = H. sapiens, m = Mus musculus) for overexpression constructs originated from the Plasmid Information Database (PlasmID; hSIK1 and hSIK3) and Clontech (EGFP) or were previously generated [14] . The plasmids code for the following proteins (UniProt identifier): mCRTC1 (Q68ED7-1), mCRTC2 (Q3U182-1), mCRTC3 (Q91X84-1), hSIK1(P57059-1), mSIK2 (Q8CFH6-1), hSIK3 (Q9Y2K2-1).
The hSIK1-containing plasmid was cloned by restriction enzyme digest, the hSIK3 plasmid by fusion PCR (deletion of an internal segment), the SIK2 ΔRK plasmid by inverse PCR (mSIK2 D596-622), and the SIK2-1 plasmid by fusion PCR (mSIK2 2-595 fused with hSIK1 583-783). Fusion PCR was performed as previously described [48] . All phospho-acceptor mutations were introduced via single or cumulative site-directed mutagenesis.
The Escherichia coli expression plasmid of mCRTC2(147-297) was generated by cloning the corresponding codonoptimized fragment (generated by Biomatik Corporation, Cambridge, Canada) into a derivative of pET22b [Novagen (EMD Millipore)] coding for STII-Trx-TEVsite-MCS-His 6 (STII = Strep-Tag II; MCS = multiple cloning site).
Cell culture
HEK293T cells were purchased from ATCC (CRL-11268) and propagated in DMEM media (GibcoÒ, high glucose, Waltham, MA, USA) supplemented with 10% FBS (Gemini Bio-Products, West Sacramento, CA, USA) and 100 UÁmL À1 penicillin-streptomycin (Corning Inc., Corning, NY, USA).
Overexpression & immunoprecipitation (IP)
Experiments were performed in six-well plates by reverse transfecting HEK293T cells (2. 
Luciferase reporter assays
Luciferase reporter assays were performed in 96-well plates by reverse transfecting HEK293T cells (100 000 cells). For each well 80 ng of DNA was used: 10 ng of EVX-Luc reporter plasmid (2 9 CRE half-sites, firefly luciferase) [14] , 10 ng of FLAG-tagged CRTC1-3 plasmids, 20 ng of FLAG-tagged SIK plasmids, 40 ng of empty pUbC plasmid. Twenty-four hours post-transfection, 10 lM Fsk was added and cells further incubated for 4 h. DMSO served as the control treatment (each well 1% DMSO final). Next, 10 lL of Bright-Glo TM (Promega, Madison, WI, USA) was added per well and luciferase activity measured in a GloMaxâ multi microplate reader (Promega). All reporter assays were at least repeated twice and representative data are shown.
SIK2 kinase assay
Expression and Ni-nitrilotriacetic acid purification of STIITrx-TEVsite-mCRTC2(147-297)-His 6 was performed as previously described [49] . Differing from the protocol an expression scale of 600 mL LB medium and buffers containing 1 M NaCl were used. Following purification, the protein was dialyzed into storage buffer (50 mM Tris, 150 mM NaCl, 10% glycerol; pH 8.0) using a Slide-ALyzer TM MINI device (Thermo Fisher Scientific Inc.), concentrated using AmiconÒ Ultra (EMD Millipore) (440 lM final), flash frozen in liquid nitrogen, and stored at À80°C.
Salt-inducible kinase 2 protein purification [SIK2 wildtype, SIK2 ΔRK, and SIK2 S358A S587A] was performed in 4 9 100 mm dishes by reverse transfecting HEK293T The SIK2 kinase assays were performed in assay buffer (50 mM Tris, 10 mM MgCl 2 ; pH 7.5) at an overall volume of 80 lL. mCRTC2(147-297) protein was diluted in assay buffer to 80 lM. To start the reaction components were sequentially added to prechilled assay buffer (incubation on ice): 1 lL of mCRTC2(147-297) (1 lM final), 0.8 lL of 1 mM ATP solution (10 lM final; Sigma-Aldrich), and~4-5 lL SIK2 proteins (0.05 lM final). The reaction tubes were vortexed, spun down, and incubated at 30°C in a ThermoMixerÒ R (Eppendorf AG, Hamburg, Germany). At the indicated time points, 10 lL of the reaction mixture was removed and boiled after addition of SDS sample buffer (supplemented with 10 mM EDTA).
Sequence alignment
Amino acid sequences were aligned using MEGALIGN and CLUSTAL W method (DNASTAR v7, Madison, WI, USA).
Statistical analysis
Data are either presented as the mean AE SEM. or AE SD. Statistical analysis was performed using Microsoft Excel (Microsoft Corporation) and graphical presentations were generated using SIGMAPLOT (Systat Software Inc., San Jose, CA, USA) or PRISM (GraphPad, San Diego, CA, USA).
